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ABSTRACT
The feasibility of utilizing Raman scatteringA as a diagnostic
technigue to measure individval specie concentrations in tvpical gas
mixtures found in gas dynamic applications has been investigated and
demonstrated, Utilizing this technique, either the local density of a
pure gas or the concentration of individual diatomic (or polyatomic)
species in a gas mixture can be uniquely determined, '
The range and limitations of this technique were investigated
and evaluated under controlled static conditions. A Qs=switched ruby

laser, which has a pulse duration of approximately 1U nanoseconds, was

used as a radiation source, The scattered radiation was monitored
utilizing a high gain, wide spectral range photomultiplier tube in ) E

conjunction with a spectrograph. Measurements were also made utilizing
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narrow bandpass filters in place of the spectrograph. The species

which were investigated include O,, N,, CO, and CH4.  Quantitative
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results are given for these gases in their pure state as wellas in
various mixture proportions,

It was determined that, with the present experimental
configuration, the density of a pure gas or the concentration of a particular
specie in 2 mixture can be determined with good accuracy over a
density range of approximately two and one-half orders of magnitude,
The lower range for most of the species is a few torr. This
capability is independent of the presence of any suspended dust
paxlticle's in the gas mixture,

The reélative and absolute intensity of the scattered radiation -

- from the species investigated were compared' with thatr predicted by
theory. Good agreement was obtained. Measurements were also made
of'the vibrational temperatures of O,, Fair agreement was obtained
for the spectrograph neasurements and very good agreement was
-obtained for those made utilizing the narrow bandpass filters,

A description of the pertinent theory and concepts of Raman
scattering is also included as well as a discussion of the limitations

of the technique.
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compiex amplitude of the incident electric feid
equilibrium rotational constant {vibrationaless state]
mean rotational constant in 2 vibrat.cnal state; defined
by ex. A4-2

intensity factor of rotaticnal Raman lires

-

velocity of light, 2.99793/16}*° c<m/sec

defined by eq. A1-3

molecuiar energy

electric field vector

defined by eq. Al-23

pro‘ﬂabiiit:: factor of the rotational state J
Planck's constant .5.62317(10} *7 ergs sec
Hamiltonian operator

intensity

rotationzl guantum number:d 1,20 00050,
Boitzmann constant, 1.338044(10} -° erg/'oi(
molesular mass

induced dipole moment

index of refraction of air at a2 given temperature
and pressure

number of molecular scatterers

symbol for C-branch of vibrational-rotational spectrai
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induced dipole moment, time dependent

indaced dipole moment

transition amplitude

symbol for Q-branch of rotational-vibrational spectral

band, where AJ=0

internuclear distance

symbol for S-branch of vibrational-rotational spectral

band, where AJ=+2

time

term valuezE /nc, temperature

vibrational quanturn nﬁmber:O, 1,2....
potential energy
ccordinates fixed

coordinates fixed

in the molecule

in space

rotational pa.tition function

polarizability tensor

spherical (isotropic) part of the change of the

polarizability

anisotropic part of the chan;ie of the polarizability

distance of the charges from the center of the

molecule

observation angle with respect to the incident

radiation (see Fig. 2)

wavelength

reduced mass of molecule

wiil

amplitude
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\Y wave number
P depolarization ratio; defined by Eq. (A3-7)
X amount cf anisotropic scattering in the Q-branch;

defined by Ef. {A2-25)

¢ wave function amplitude

¥ time dependent wave function

w, vibrational frequency

Subscripts

e equilibrium value (completely vibrationless state);

also electronic state

i,j,k unit vectors in x,y,z and X,Y, Z directions
k,mn, r various cnergy states of the molecule
2
o incident value
i r rotational state
v vibrational state
Superscripts
o unperturbed state

perturbed state
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I INTRODULTION

The deveiopment of techniques capable of directly measuring
local values of gas density has received much attention in recent
years. This capability greatly enhances the information ';vhich can be
experimentally obtained about gas dynamic flow fields, and could be of
particular importarce in situations where the determination of specie
concentration or local density distributions are important. This is
especially true when standard probe techniques interfere with the flow
field, or where the relative concentrations of the species being measurei
are altered by the sampling technique utilized,

Some techniques recently investigated included, electron beam
ﬂuorescence,l'} Rayleigh scattering4, aVndF“Txhompson scattering5’6.
Each has its own particular use and limitations, The electron beam
has an operation upper limit of a few Torr, due tb the quenching of the
excited molecules through collisions before they ure able to emit their
radiation. Since the frequency of the emitted light is unique to each
molecule, individual species contained in a gas mixture can be
determined through a spectrum analysis of the emitteﬁ light, The ability
to mea.sur;e the concentration of an individual specie is, however,
dependent upon the type and amount of the other components comprising the
mixture under consideration, since they determine the deyree of quenching
present under given conditions,

Thompson scattering, on the other hand, utilizes the scattering
of radiation from free electrons in a plasma and therefore, can only
effectively measure the electron concentration in a relatively high

density "hot! plasma. The technique of Rayleigh scattering involves the

- e e e e e | mm x5 4 e e r e Ao = e ran
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e}astic scattering of the incident radiation by the gas molecules themselves,
The intensity of this scattered radiation can be directly related tc the
local gas density of the particular specie under consideration, Since
the scattered radiation is of the same frequency as the incident
radiction, the source of the scattered radiation can sometimes be
indeterminable, That is, any dust which is present, as well as
equipment, will aiso scatter the incident radiation and this may over-
whelm the portion scattered by the molecules themselves, While it is
true that the scattering <cross-section is different for each specie, there
is- mo way to distinguish the identity of each individuval specie in the
mixture or the amount it contributed toward the total intensity measured,
since all scattered radiation is of the same frequency. Therefore,

only some "average" density of the gas mixture can be deduced from

the: Rayleigh intensity measurements.

‘Obviously, there exists a need for a diagnostic technique whick
can complement the above techniques and possibly eliminate some of
their inherent limitations. The investigation of such a technique is
the subject of this paper.

When a beam of monocromatic light.traverses a gas mixture, the
resuitant scattering phenomeron involves both the elastic and inelastic
interactions of the photons with the gas molecules. The elastic
interaction results in Rayleigh scattering, while that due to the
in‘elastic interaction results in Raman scattering. The Raman
scattered radiation consists of radiation whose energy, and therefore,

frequency has been changed by an amount characteristic of the energy

differences between the stationary energy states oi molecules it
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encounters, The shift can result in an increa - in energy, and
subsequent increase in frequency (Anti-Stakés L:iae}, or a decrease in
energy, and subsequent decrease in frequency (Stckes Line), of the
scattered radiation. This frequency shift is a uxique characteristic
cf the scattering molecules and is independent of the frequency of the
incident radiation, Thereiore, the individual species present in the gas.
mixture can be uniquely distinguished by monitoring the frequencies of
the scattered radiation. Not only can one distinguish between the
different species comprising a gas mixture, but, by measuring the
intensity of each component of the scattered light one can determine, in
theory, the individual rotational and vibratioral temperature andr
concentration of each diatomic or polyatornic species in the mixture.
Since the Raman effect is a scattering phenomenon, the only
effect of the other species present in the mixture should be the attenuation
(due to absorption or re-scattering) of the ;'esul’ting“ scattered radiation,

Thus, the ability to detect and measure the concentration of a- particular

species in a mixture, should not be affected by the type or amoun! cf other

species present, provided proper precautions are taken in order to
attenuate all other wavelengths present. This, of course, assumes that
the subsequent attenuation due to the presence of other molecules is
negligible (See Section IV). In the same manner, the presence of any dust
particles will not affect these resulis, since the scatiering from any dust
particies is of the Rayleigh type or has its own characteristic frequency shift.
Raman scattering has been ar important tool of chemical physics
for neariy half a century.-l-l? its applicaticn was mainly limited to
fundamental research investigating the phenomena itseif 2% and the

determination of certain iwnportant molecular constants and characteristics
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from the resulting s;nec:.t;‘::z:f..l?"17 " in these investigationslj-n, the gas
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properties, such as density and temperature, were assumed to be known
and the scattered radiation was analyzed for the desired information.
It is the intent of this investigation to use the scattered radiation

as a diagnostic tocl in order to identify unknown species in a gas

mixture, as well as to measure their concentration and vibrational

PREIENC

e

temperature, This type of application has been previously proposed

T

: and described in the combined effort inciuded in Refs. 128-20, wherein
-some exploratory experimental m=asurements were initiated. Raman
scattering has alsc; been proposed and used for probing the upper
atmosphere, 2

As described above, Raman scattering, in theary, presents
many inviting features, The investigation of the quantitative experimerital
7 ) feasibility of these feature;s and the extent to which they can be used in
? practice and applied in the realm of gas dynamic measurements is io
—bg—»exploz_-ed, herein, To achieve this end, a static calibration under
controlled conditions was initiated. An explanation of the theory
involved and a discussion of the necessary equations and concepts

needed for Raman diagnostics in gas dynamic applicaticns is presented,

AT SR ot

together with quantitative experimental results. Its appiicability and
use under varying conditions, as far as gas deasity, discrimination
.ability in various gas mixtures, and loss factors will be discussed and

determined,
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Consider a photon of arbitrary energy hvo, which iﬁterai:,ts
with a molecale in one of its various stationary states characterized
by a discrete energy level E. During the interaction between the
molecule ard the photon, the molecule undergoes a double transition,
by first absorbing and then emitting a photon. During the absorption,
the energy of the molecule is raised to E + hvo, whick may or may not
be one of its stationary energy states. If this state does not correspond
toa stationary staie, the photon is s;attered in some direction and
the molecule falls to a lower energy level, If the molecule returns

to its original state E, the energy and frequency of the scattered

photon remains unchanged while its direction may be changed. This

type of scattering .corresponds to the above mentioned Rayleigh scattering.
It is possible that the molecule does not return to its original
unperturbed energy state- Z, tut changes to a different energy level El'
This will result in 2 Zurresponding change in the scattered photon energy.
If EI>E’ the energy of _t«’aqphof_c;n is decreased to h‘Jo-(El-E), while

the intcrnal energy of the molecule has been increa-sed by (El-E)_

if E1<E, the energy of the photon is increased to hvc‘i-(EI-E)» and the
molecule's internal energy is decreased by (EI'E)' This latter

proecess can only occur if £ is not the ground state energy, Some of

the scattered radiation is, therefore, of a diffecrent frequencgr than the
incident radiation and is known as Raman scattering. The former
process gives rise tc what is usually termed the Stokes component,

while the latter is termed the Anti-Stokes component of the Raman

scattering. These changes are shown diagramatically in Fig. 1.
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Now, if the raised energy state of the molecule corresponds to
a staticnary state, thes photon is absorbed. After a finite period of
tima (corrasponding tc th.e mean life of the raised state, which is
inversely proporticnal to the tra;nsition probability), the molécule will
fall to some lower energy level (original level or any other) EZ'
emitting a photon whose energy is equal to E-Ez. This process is
known as fluorescence and results in radiation of the different frequency
than the incident frequency, as does Raman scattering. It differs from
Raman scattering, though, in a very fundamental wav. That is,
fluorescence can only occur for very selected incident light frequencies
while Raman scattering can occur for all incident frequencies. The
time scale for the fespective rhencmera i occur is z2lso different. Raman
scattering-occurs in approximately 10'14 seconds, 22 while a nominal
mea.x;: lifz for fluorescence to occur is on the order of 1077 seconds.?

. At any given temperature the molecules in a smallrwolhme are
distributed over their possible energy states. In thermal equilibrium
they are distribured according to the familiar Boltzmann distribution.
Therefore, there will always be some molecules in an energy state above
the ground state. With this in mind, and remembering that each of the
transitions described above have a finite probability of occurring, it is
evident that during any scattering process, Raman 3Stokes and Anti-Stokes
2s well as Rayleigh components should be expected to occur simaltaneously.
The intensity of each of these components will, of course, be
different.

The intensity of these scattered radiation components can be

determined utilizing the perturbation thecry of wave mechanics. That
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is, a molecular system can be assumed to be perturbed by the incident
radiation and the transition probability of -this process caiculated. (See
Appendix I). This procedure determines the intensity of the scattered
radiation in terms of a summation over all the possible energy states,

7,8,10

(electronic, vibrational, rotational) of the mclecule. The

formulation and result is quite complicated and can only be uniquely
evaluated in some very restricted cases, Fortunately, Placzek8 devised
a theory which; under certain conditions, eliminated the need of this
sumimation, He introduced the concept of the polarizability, (See
Appendix II). Here the sum over the ground states wave functions can
be replaced by the polarizability of the molecule with fixed n;xclei, and
by the effect of the nuclear motions on the polarizability, That is,
when a photon interacts with a molecule, the oscillating eiectric field
of the incident radiation induces a dipole moment Pin the molecule, of

magnitude
|E] ®

&>

i2l=
where @ is the polarizability tensor. This representation is useful,
since the components of 2 can be determined experimentally and S
does, in effect,replace the summation over all the energy states of the
molecule, {(See Appendix II).

The iﬁtensity of scattered light as a function of the polarizability
can, therexore, be derived using the usual concepts of wave mechanics.
That is, one can formulate the transition probability of the transition
under consideration, the square of which is directly proportional to the

intensity of the resuiting radiation. For a volume of N arbitrarily
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oriented molecules this results in

= Y 4 2 11
Is, a7 Crl% Vi) NP, | (2
where IS A are the Stokes and Anti-Stokes intensities respectively, Watts
'S, S
v, is the wave number of the incident radiation ,cm ™
an is the wave number of the Raman shift, cm'1
N is the total number of molecular scatterers
Pkn is the transition probability amplitude (See Appendix I-III)
The transition probability amplitude is, in general, a function of :
‘the observation angle, the mode of polarization of the incident radiation

as well as the specific type of transition under considsration. The :

vibrational and /or rotational transitions will be considered herein, since

S

in practice almost all Raman spéctra recorded results rom these types B
of molecular trans‘itions. The transition probability amplitude for the
vibrational-rotational transition as a function of observation angle, for
linearly po»laz:izedand unpolarized incjident radiation is given in Appendix
I, Also, included in this appendix is the ratio of the perpendicular to B
parallel components of the scattered radiation as a function of the
observation angle and the incident radiation polarization,

- In the exéeriments described herein, the incident radiation was
vertically polarized {See Fig. 2} and the entire vibrationai-rotationzl
Raman band was observed. Under these c;m:iitions, the intensity of the

scattered radiation for an individual specie can be writter in the

following form (See Appendix I and III)

+ L3
(v 2V)

w
e

T

I =C2

S.A N h I [_,3'12_!_ _-!_%_Yfzxjﬁ (3)
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where v is the wavenumber of the vibrationzl Raman shift, cm
w_ is the frequency of vibration in cm”
h is Planck's constart
i is the reduced mass cf the molecuie
¢ is the velocity of light

Io is the intensity of incident radiation ,\Watts

)

is the solid angle of the observation system

>

is the amount of anisotropic scattering in the Q-branch
(See the Appendices for a discussion of the Q-branch and ¥
C, is a constant

o’ is the isotropic part of thé change of the pclarizability

v’ is the anisotropic part of the change of the polarizability

. e - - - - LA = B -
Both ¢’ and v’ are molecular invariants reiated to T as given in

Eq. {A2-18,19} in Appendix II. For linear symmetric motecules (XY 2)
and tetrahedral molecules ('XY_,:) the constant &, in the zbove formuia,
is 2m and 4ns respectively, where m is the mass of the Y ato%n.m

It i-s seen from Eq. (3) that the intensity is depencent upen the
nunber of scattering molecules, the frequency of the scatiered radiation,
the incident intensity, and certain molecular constants,

The determination of the wavelengths of the various Raman
components shculd be dane with the greatest Jegree of accuracy {i.e,,
belier than the resclution rsquired in the investigaticn}. This can be
accomplished, for diatomic molecules, by utilizing the vibrating rotator
molecular model as described in Ref, {23}, The procedure, eguations
and molecular constants necesszry for such a calculation are described

and giver in Appendix IV,
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Utilizing these models the wavenumbers, in vacuo, of the Stokes
and Anti-Stokes components can be computed for each species. Since the
measuremants are usually made in air, the index of refraction of air
must be taken into account. The wavelengths of the components can
bs calculated using the relation A=1/vn, where the index of refraction
of air (n) as a function of freugency, temperature, and pressure is
given in Appendix V. The Raman wavelengtls of some interesting
species calculated utilizing the procedure outlined in Appendix IV and V,
are shown in Figure 3. Included therein, are the wavelengths for the
CO, and CH4 Raman components as computed using the Raman shifts
reported in Ref, 15,

The molecular invariants o and v, fora given species, should
also be known, These invariants, as previously explained, can be
determined experimentally, Their exact measurement is a delicate and
difficult task and many attempts have been made in tke past to determine
these constants.M'n Examining the available data ifor o and v, it
was found that the work in Ref., 15 was very reliable, These results
are expected to be accurate within the experimental error of this
investigation. The data from other previous investigations are outlined
in Table I, together with that used herein, in order to give a better
perspective of the type of data available. Certain quantities needed for
our calculations, which were derived from the data of Ref. 15, are
included in this table. It should be noted that in these investigations,
most of the measurements were made of the Q-branch and not of the

entire vibrational-rotational band.

Since the intensity of tae scattered radiation depends upon the
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aumber of molecular scatterers present in the volume being investigated

-

& measurement of the intensity will give N or the concentraiion of the

particular species underconsideration, For any given situation both the
Stekes and Anti~Stokes components should be present, therefore,
theoretically, the intensity of either component could be used to

determine the concentration of a particular specie, In practice, however,

the Stokes line should be used, since it is usually more intense at the

lower temperatures. Considering only the Stokes components of the

Raman scattered radiation, equation {3) can be rewriiten. including the

attenuation factors introduced 4b'y’ the experimental apparztus, in the form

1 4 \
g ) {v -~ . A, A
~ 0 v} 2y T 02,3 it
.TO_P..- C,V Na(T) T FF o [ar2+ L x;—-}r : L (4

45
where Is is the intensity of the scattered radiation from an individual
? specie as seen by the phototube,
V is the scattering volume, cm3
N is the concentration of molecular scatterers.particles/cm3

§T) is the number of molecules in the grouzd :tate at the

tensperature T
Al iz the ccllecting lens area, cmz

r is the distance between the scattering center and tke collecting

lens, com
As is the illuminated area of the slit, cm®

Ai is the area of the image of the scattering velume cn the

spectrograph slit, cm z

L is the transmission factor of all the optics (leases, filters,

grating, etc.} in the system
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Equatior (4) gives the functional dependence of the scattered
intensity upon the various governing independent parameters. It is
important to note the linear dependence with number density,
Theoretically, a measurement of Io and Is , knowing all other
quantities, will yield the number density og the species under
consijderation,

Taking the ratio of the intensities of the Stokes and Anti-Stokes
components, and utilizing the Boltzmann distribution to determine the

number of molecules in each vibrational state, results in

IS (\"o'v)4

-fz (Qgﬂ?‘ exp Lchv/kT] (5)
where IS and IA are the intensities of the Q-branch., This intensity
ratio as a function of temperature is shown in Figure {(4) for a few
species of interest,

Since the frequency shifts have been determined previously,
a measurement of IA and IS wiil determine the vibrational temperature
when substituted in Eq. {&). The sensitivity of the determination of
vibrational temperature, due to inaccurate measurements of IS and IA’
is shown for a typical species, in Fig. (5). It must be remembered
that the utilization of the Boltzmann relation assumes thermal equilibrium,
an assumption which may be violated in some applications.

As seen in Eq. (€) and Table I, the Raman cross-sections are
very small and therefore, in relatively short duration measurements, a
high intensity source is needed to produce scattered light of sufficient

intensity which can be recorded above the local background and

instrument ‘''noise'., The use of a Q-switched ruby laser (IC nanoseconds
Y
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pulse duration) satisfies this requirement and in addition permits the

application of this technique in a dynamic situation,
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Il EXPERIMENTAZL FACILITY

The system characteristics siven prime consideration in the
design of the experimental facility were: safety, elimination of unwanted
reflections, and system versatility, Since direct observation (or even
indir=sct viewing after many diffuse reflections) of the laser radiation is
dangerous, grime importance was placed on safety. The system (see
fig. 6), was therefore, designed so that the laser radiation would be
c@pletely enclosed (where possible} in order to avoid any accidents,
These enclosures did not interfere with the experimeatal measurements
and were designed for quick adjustment and removal,

As stated previously, the intensity oftle Raman components of
the scattered radiation is low, Therefore, care must be taken in both
its detection and measurement, Since the intensity of the scattered
radiation is, in general, a function of the angle between the incident
radiation and the viewing system, reflections of scattered radiation into
the viewing system: must be avoided, This is particularly true if local
measurements are to be made, The above statements are applicable
for. the Rayleigh components as well. therefore, their reflections should
also be eliminated. This is especially inmportant, since the intensity of
the Rayleigh component is normally at least three orders of magnitude
larger than the Raman component, and must be filtered out in order to
avoid masking the Raman component. Thus, the additional Rzyleigh
intensity resuviting from reflections caa only magnify this problem.

To accomplish this, a radiation absorption chamber (see Fig. ©)
was conctructed and placed in line with the incident radiation direction,

This provided a terminal for the incident radiation, wherein all radiation

is internally reflected and absorbed within the chamber, anrd thus
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eliminates the possibility of any reflections into the scattering chamber,
A second chamber provided a good background for the viewing system, .
thus eliminating scattered radiation reflections ir line with the viewing
system.

Since one of the intentions of the investigation was to find the
operational lower limit of the technique, the system had to have vacuum
capabilities. Optical paint could, therefore, not be utilized to coat the
inner surface in order to avoid reflections, due to its outgasing
properties, Therefore, the inner surfaces were black anodized. The
inside of the scattering chamber was roughened as well, in order to
eliminate the internal reflections more effectively.

The absorption charnbers were designed similar to those utilized
in Ref. 5, since they were easy to construct and proved very successful,
in that investiagtion, in eliminating unwanted reflections. The chambers
consisted of black anodized alumirum cones, whose sarfaces were
degreased, rough buffed, and placed in black anodized aluminum
cylinders. The opening to the incident radiation absorption chamber was
made large erough to accept the entire beam and yet, only be large
enough to allow the chamber to operate effectively. The opening for the
background chamber was made to match the viewing system opening. This
type of background absorber was chosen, since it seemed to be more
reliable than simply depending upon simple absorption at the wall,

The design of the optical systermn was such that a varial;le
scattering volume could be investigated by adjusting an iris, placed at the
exit of the optical system. The f number of the optical system was

designed to ciosely match that of the spectrograph (f/ 4.5). Two




achromatic lenses (22 cm focal length) were used, They were placed

so that the immge and object were at the focal points of the corresponding
lenses, thus providing an image to object ratio of cne %o orie. This
permitted & system in which parallel light was obtained between the two
lenses, where filters could be placed without any distortion of their
bandpass characteristics.

The vacuum system consists of a water cooled 4" oif diffusion
pump, coupled with a mechanical roughing pump. The vacuum system is
located at the bottomn of the test chamber separated from it by a 4"
vacuum slide valve., The chamber can be pumped down to 10-4 Torr, as
measured with an ionization gauge. This was considered to be low
enough so that the system would have & minimal amount of impurities
even at very low test pressures,

The chamber was designed to accomodate various press;re
sensitive instruments as well as a thermometer used to record the test
gas temperature. The absoiute pressure measurements were made
utilizing a barometric type manometer. The instrument has an accuracy
of 0.1 Torr, and a scale which can be corrected for changes in room
temperature. A baratron was used for absolute pressure measurements
below 20 Torr,

The distance between the laser and the scattering center were
chosen in order to somewhat simulate those distances to be enzountered
if one would usé the techniquec in one of our aerodynamic simulation
facilities. This distance was z2lso large enough so that the image «f the
laser rod was inside the incident radiation absorption chamber

Photographic vicws of the experimental apparatus are shown in Figure 7,

16
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Laser System

The system used in these experiments was a TRG Model i04A 7
Ruby Laser System. It can be operated in either a normal or Q-switched
mode, In the Q-switched mode the laser ouiput is one (1} joule,
released in a pulse of 10 nanoseconds duration (measured at the halfwidth),
This results in a peak pulse outpur of approximately 100 megawatts,
which was the approximate operating level for maeost of the experiments
herein. The laser head is cooled with room temperature air and emits
radiation at a wavelength of 6943 Ao, which is linearly poiarized in
the vertical plane,

The énergy output of this system is monitored by a TRG Model
100 Thermopile in conjunction with 2 calibrated TRG Model 102 energy-
meter, The pulse shape is monitored by a TRG 105 B photodiode whose
output is displayed on a Tektronix 519 oscilloscope. The photodiode has
a S5-20 spectral response and utilizes a diffesing disk to distribute the
light pulse over the entire photosensitive surface. Since the rise time
of the photodiode is 0.2 nanoseconds and the rise time of the oscilloscope
is 0,29 nanoseconds, the iaser pulse, as recorded by this combination,
1s not substantially distorted. The respective instruments are connected
by a special matching 125 ohm, 5 nsec delay cable in order tc prevent
any ringing ot the photodiode circuit.

The monitoring of the laser probe is acegmplished by utilizing
two calibrated beamsplitters; one of which refects a small fraction of the
main beam into the other beamsplitier, which in turn reflects and
transmits part of this beam into the photodiode and thermopile. Both of

these beamsplitters were carefully calibrated utilizing the laser as a
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source, and two thermopiles, monitoring simultaneously the reflected
and transmitted portions of the beam. Thetherraopile positions were also

interchanged in order to cross check the calibration.

Spectrograph

The spectrograph available for use in these experiments was
a WARNER & SWASEY Model M-401 Zoom Spectroradiometer. The
eifective apperature ratio of this instrument is {/2.5. It utilizes a
slit assembly which is adjustable, from a minimum width of 254 to =
maximum of 1000H . The instrument has a plane graiing whose ruled
arez of 64x64 mm had 1180 grovcs/mm and is blazed for 7500 £. The
efficiency of this grating is 74% of the blaze wavelength and approximately
00% at 6590 and 3500 K It has a ghost intensity of less th.n 0.002% in
the first order to 5461 R and the resclution using a 25U slit opening is
1.42 3 at 5000 &. .

A high gain photomultiplier (RCA Model No. C31000F) tube,
housed in a light sealed container aitached to the spectrograph, was
utilized to monitor the exit radiation. This tube kas good dark current
characteristics an:i has an ancde pulse time of 2 nanoseconds at a bias
of 2509 volts. Its spectral response is depicted in Fig. 8. A highiy
stabilized. filtered power supply was used to drive the tube and the
variation of the tube gain, as a function of the voltage applied between
the anode and cathode, is shown in Fig. 9. The absolute zain was
determined using a carefully calibrated helium-ncon laser as a source,

The output of the tube was displayed on a high speed Tektrenix

454 oscilioscope and recorded on Polaroid film (10,000 ASA speed).

18
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IV DIAGNOSTIC LIMITATIONS AND SYSTEM ATTENUATIONS

Certain limitations associated with Raman scattering can be
outlired briefly. Since the Raman cross-sections are very small, a
high intensity source is needed in order to produce scattered light of
sufficient i;xtensity which can be recorded above the local background
and instrument noise. The use of a Q-switched ruby laser {10
nanoseconds pulse duration, 6943 2.) satisfies this rejuirement and
in addition, permits the application of this technique in a dynamic
situaticn, Since the scattered intensity varies with the fourth power of
the frequency, the use of a source which emits high intensity radiation
at a high frequency would be more desirable, This, in conjunction
with the fact that the sensitivity of the avaiiable photodetectors is much
greater in the higher frequency range, would increase the efficiency and
range of the techni:ue. Unfortunately, such a high power source is
not presently available, The use of a higher power Ruby laser would also
increase the intensity of the scattered radiation, theredy, increasing
the range of the technique,

The Raman Stckes components of interest lie in the near
infrared region of the spectrum, vhen a Ruby laser is used as the
incident radjation scurce. Unfortunately, in this region the sensitivity
oi avajlable photomultiplier tubes is not very good, (sce Fig, 8). For
this reason, the phototube selection for use in this investigation was
guite tedious, Several RCA as well as Amperex tekes were investigated,
The requirements of high gain, wide spectral characteristics and low
"noige' were difficult to meet. It became necessary to compromise

as far as gain is concerned, and select the RCA Type C31000F {which
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is an experimental model), duc to its lower than average "noise' and
wider tkan average spectral characteristics.

Since the intensity of scattercd light is directly preportional
to the local ges concentration, a lower limit is expected to be set, for
a given sorurcer intensity, on the measureable gas density, Simiiar
limitations are present in the utilization of the electroen beam, wherein
an upper limit is aiso introc.‘.uce:i due to collisional quenching., Another
consideration is the effect of the surrounding molecules on the scattered

light. This will manifest itself in the absorption of photons and the

subsequent scatteriag of these Raman photons by the gas between the

- scattering center and the detectocr. Similar absorption and scatterin;;

considerations are also true for the light emitted by the excited molecule
in the eleciron beam fluorescence téchnique befcre its detection is
accomplished.

Subsequent scattering of Raman light will be predominantely
of the Rayleigh type dae to its large cross-section and therefore, its
frequency will be unchanged. The only problem will be that losses
will occur since the Raman light is scattered at various angles other
than that of the viewing system and therefore, scme will be lost before
reaching the detector. The amount of the incident radiation which is
lost due to scattering before reaching the volume under investigation

amd the amount of Raman radiation which is re-scaiterex before being

detected are both very small. This can be readily seen by considerin

the cross-sections involved (either Raman or Rayleigh). The amount

lost due to awsorption will be a function of specific freguency considered.

This should also be very small, except when the frequency of the
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scattered radiation corresponds to a strong absorption band of another
specie present in the mixture.
The losses and attenuations introduced by the measurement
techniques and system design must now be considered. The system .
losses manifest themselves wmainly in the attenuations ard reflections of
the incident and scattered radiation by the test gas and aptics in the :
system:, These losses can be most easily combined in a calibration
o
factor and were determined uiilizing a helium-neon laser (6323 A )
and a very sensitive, calibrated thermopile. The radiation emitted -
by this laser is polarized in the vertical plane 2as is the ruby laser used
herein, The transmissicn factors through all of the system optics
was measured te be 0.603.
The major instrument losses wiil be encountered due to the
spectrograph, which is used to mronitor and measure the separate
components of scattered radiation. Since ezch of these instruments
has its own inherent characteristics as far as losses are concerned; they
must be determined in each indiwviiwal case, The losses are a functinn
of frequency ana therefore, must be known over a range of waveiengibs.
in order to minimize these lesses, the viewing system optical
characteristics should be matched to the particular spectrograph utilized,
and the grating should be selecied to give the maxiraum efficiency over
the spectral range of interest. The attenuation due to the grating was
determined utilizing the data supplied by the manufacturer. The
attenuaticn of any filters which were used in the sysiem was obteined
from the transmission curves supplied by the manufactarer. These

trausmission factors were re-checked utilizing various spectral lamps.




The attenuatior of the spectrograph was also checked, utilizing the
belium-neon laser and was found to agree with the expected attenuation.
n consideration of the above, one would expect the most severe

liinitation to be the availability of photodetectors capable of resolving low

light inteasity levels,
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V., EXPERIMENTAL FROCEDURE AND RESULTS

As stated in the introduction, the purpose of this investigation
is to determine the feasibility of using Raman scattering as a diagnostic
technique in order to determine the specie concentration and vibrational
temperature of various gases, hoth ina pure state and in mixtures, As
seen in kq, (4), the intensity of the Raman components vary linearly
with specie concentration, It should, therefore, be determined in what
range the intensity of the scattered radiation, as recorded in an actual
situation, is linear, This would determine, under these experimental
conditions, the range in which a measurement of the scattered
intensity from a particular specie would provide data from whick its
conceniration could be calculated, This would aiso provide a calibracion
curve for each specie which co.id be utilized to determine the
concentration cf individual species in a mixture,

The above was accomplished by filling the chamber with the
desired gaseous specie (commerically pure), pulsing the laser, and
recording the scattered intensity as a function of gas pressure. The
pressure (and therefore the density, since the temperature of the test
gas remained at room temperature) was subsequently varied over nrearly
three orders of magnitude, In all tests the spectrograph was preset
at the desired Raman wavelength, and the slit width set at 10004, Two
filters were placed in the viewing systern chamber provided for them.
One filter had a narrow reflection band {300 f\ ), centered at 6943.2 .
in order to attenuate the Rayleigh component. It passed all othner

wavelengths at a slight attenuation (®25%). The second filter has a
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100 ?\ bandpass centered at the desired Ramanr wavelength and blocked
all other wavelengths. This combination provided, in all cases, an
attenuation of the Rayleigh component of at least five orders of
magnitude, while attenuating the Raman component by approximately 50%.
The magnitude of the attenuation of the Kayleigh component which is
required in any specific application ie dependeat upon the ghost ratio of
the grating utilized, the individual spectrograph characteristics, and
the ratio of the Rayleigh to Raman intensity,

The utilization of these filters eliminated the possibility that
any of the other components would mask the desired Raman component,
due to their much greater intensity (Rayleigh Ghosts), or that they would
be recorded if one of their higher orders (due to the dispersion of the
grating) corresponded to the Raman wavelength being measured, This
precaution did nct, however, eliminate the possibility of recording
radiation of the same frequency as the Raman components, which
originated from another source; (e.g., if certain wavelengths of the
emission spectra of the gas mixture corresponded to some of the Raman
wavelengths being observed), In this case, a measurement of the
background radiation must be made before any Raman scattering
measurements are undertaken and accounted for in the subseguent
data reduction. The nonexistence of this background radiation was
determined by the subsequent tests described below, The latter
considerations are not so iImportant under the present conditions, but,
they may be important vnder conditions where there is some substantial
background radiaticn present,

In each test, the incident laser pulse as well as the scattered
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intensity werc monitored. Thus, a.y variation in the laser pulse could

be determined and accounted for in the subsequent data reduction, The
incident laser pulse was monitored by a thermopile and a photodiode(sce
Fig, 6 and the description of the equipment). A typical response of the
photodiode depicting the incident laser pulse waveshape is shown in Fig,
{10a). As stated previously, the response times of the recording
equipment was fast enough so that the laser pulse waveshape was not
appreciably distorted, The power of the incident laser pulse could,
therefore, be determined from the response of the photodiode {using
the halfwidth) and the thermopile output,

Typical scattering pulses, as monitored by the phototube in high
and low density tests, are shown in Fig. (10b) and Fig. {10c),
respectively, One rotices the raggedness of the pulse a‘ lower pressures,
Since the rise times of the phototube and the oscilloscope are about 2 nsec
and the decay time of the phototube is several times longer, the wave-
shape of the scattered radiation is asymmetrical. This could not be
avoided, due teo the limited availability of phototubes which could be used

in this investigation,

Pure Gases:

This procedure was followed in the testing of pure 0,, N,, CO,
and CH4 gases, the results of which are shown in Figs,(11-18)
respectively., The data have been ploftted on a overlapped chartesian
scale (Figs, 11, 13, 15 and 17} in order to give a better idea of the
accuracy of the measurements; and on a log-log scale (Figs. 12,14,16
and 18) in order te give an overall perspective of the range of the data

as well as a better idea of the accuracy at the lower pressures.
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Include ‘a cach figure is the theoretical linear distribution as given
by Eq. (4), as well as the characteristic observation dimension D, This
dimension, used in conjunction with the beam size, defines the scattering
volume observed (refer to the diagram in Fig. {6)). In all the tests
described herein, the incident beam diameter (bmm) was kept
approximately constant, The results presented in these figures have
been nondimensionalized with respect to the intensity of the scattered
radiation recorded at a pressure of 760 Torr for each specie., This
factor is also included in the legend, together withthe corresponding
incident laser intensity.

Utilization of the above mentioned slit setting (1000H), allowed
the observation of the entire vibrational-rotational Raman Stokes band.
In the case of carbon dioxide, which has four Raman Stokes components,
the intensity recorded when the spectrograph was utilized, was the
combined intensity of the vibrational-rotational bands at 7683 and 7696 2.
A separate measurement was made of the combined intensity of the
bands at 7612 and 7623 Z. In this case, the recorded intensity of the
scattered radiation was 8,2 (10)‘8 watts, for an incident radiation in-

tensity of 75 megawatts.

In the case of CHy,two Raman components exist in the wavelength

o
range of interest. The component which was monitored{3704 A)is

due to z totally symmetric vibration of the molecule and results from
an isotropic change in the polarizability. Thus, this component is only
a function of 2 uand has no accompanying rotational lines, The other

o
component (8737 A} is due to a doubly degenerate vibration and is only

o
a function of ¥°, Since a narrow bandpass filter centered at 8704 A
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was not available, measurems=nts of the intensity of the CH4 Raman
component could only be made utilizing the spectrographk. Another
reflection filter (6943 Z) was used in order to assure that the
Rayleigh compcecnent was sufficiently attenuated,

Good agreement between the measured Raman intensity and
theory, over a range of approximateiy two and one-half orders in
magnitude in density, is noticed for all the species. Almost all of the
data points fall within 10% of the theoretical line, The accuracy is
better at higher pressures and decreases to 15-20% at the lowest
pressure. The lower limit for N, { 10 Torr) is higher than 0, and
CO2 ( 3-4 Torr). This is due to the fact that the Raman scattering
cross-section of N2 is smaller than either O2 or COZ and also,
because the phototube is less sensitive at this wavelength, 7The lower
efficiency of the grating and the higher attenuation of interference
fflters at the longer wavelengths, also, contribute to this result, These
considerations are, also, the reason why the lower limit of CI—I4 is not
lower thar that of all the other species, even though its scattering
cross-section is larger, A major factor in the determination cof these
lower density limits is the magnitude cof the phototube "noise!'. That is,
at pressures below these limits the intensity of the scattered radiation is
within the ''noise'" of the phototube, and therefore, is not measurable.

The choice of limiting the measurements to an upper limit of
760 Torr was purely based on matters of system integrity and
conveniernce, The upper range of the technique can easily be extended
to higher pressures; that is, on the order of 2-3 atmospheres (e,g. some
measurements made in Ref, 15 and 17 were made at a pressure of 2
atmospheres),
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As indicated in the introduction, the upper limit of the electron
beam fluorescence technique is a few Torr, due to the guenching of the
excited molecules, The data as presented here, indicates that if Raman
scattering from O, or CO, was used as a diagnostic technique, itis
possiblie to measure densities within the upper bounds of the electron
beam techniyue., The Raman scattering technique, therefore, complements
as well as presents the possibility of supplementing it, with the use of
more sensitive phototubes or higher powered lasers,

Included in these Figures (11-16) are the results of tests conducted
without the spectrograph, utilizing only narrow bandpass fiiters to select
the proper Raman wavelength., Here the spectrograph was removed and
an iris placed at the image of the scattering volume., Iin these tests, two
narrow reflection band filters, centered at 6943 Z , were used in
conjunction with the individual Raman filters, In all cases this type of
filter combination attenuated the Rayleigh component by at least eight
orders of magnitude or more,

As in the tests utilizing the spectrogrash, measurements were
made at very low pressures in order to determine f there was any
outside light leakage or background intensity at each wavelength of
interest, Tes*s were also conducted at various pressure levels in order
to determine if there was any background radiation present. These
tests showed the preseénce of ncither, The transmission of any Ravieigh
or other radiation through the spectrograph, cor through the narrow
bandpass filters, was extensively tested and deteimined to be of such a
low magnitude that they were not measurable, These tests were

conducted under the most severe cond:itions encountered in the experiments
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and the filters were found to be more than adequate, Measurements of
the Raman scattered intersity were made immediately after filling the
chamber as well as afier the dust had been allowed to settle, The
presence of suspended dust particles was found (within experimental
error) not to have any =ffect on the measurements, As discussed in
the irtroduction this result was expected. Only when the wavelength of
the scattered Raman radiation from the dust particles is close (i.e. not
within the resclution of the spectrograph} to the Raman wavelength
associated with a gaseous specie of interest, will the presence »>f dust
effect the Raman scatiering measurements.

In the tests conducted utilizing narrow bandpass filters the
diaimeter of the iris opening was set at approximately 2,5 mm. The
crossing of its image with the incident beamn defines the scattering
volume being observed, zs described in Fig, (6j. The data is presented
in the same manner as was the spectrograph data, where the
respective nondimensionalization factor is also included in each figure.
It should be noticed that in the case of COZ, all four of the Raman bands
were now observad simultaneously.

Since the attenuation of the rarrow bandpass filters was much less
than that of the spectrograph, it was possible to achieve better spacial
resolution at a given pressure, when the filters were utilized, without
any sacrifice of the intensity of the scattered radiation. Thus, the
scattering volume observed when the narrow bandpass filters were
utilized, was reduced to approximately one-fourth that cof the volume which
was observed when the spectrograph was atilized. As can be seen from

these figures, the accuracy of the measurements utilizing either method
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is about thz same,

The relative intensities of the Raman components of the different
species considered, were checked with that predicted by theory utilizing
the experimental values of a” and v’ obtained from the data in Ref, (15
and 16). The comparisor was made for the intensities measure:d using
narrow bandpass filters, These results are presented in Table il
where very good agreement is noticed, Included therein, are the values
of = and X{v“/a")® used to compute the theoretical value of the
scattered intensity., It should be pointed ocut that, in the case of COZ’
the combined iniensity of all the Raman Stokes components was compared
to that predicted by theory., It is noticed that intensity measured utilizing
the spectrograph is higher than the theoretical value. This probably
occurred due to some oveﬂa,pping of the frequency band resolvad when .
separate measurements of the intensities of 7612,7623 Xand 7683, 7696 Z
bands were made, This did not effect any of the subsequent results, )
since the spectrograph was always kept at the same wavelength setting
when mixtures involving CO, were being analyzed,
Due to the wavelength resolution of the specirograph a portion
of the CH 4 Raman band at 8787 .?k was measured simultaneously with
the component at 8704 X.. Since the theory as presented herein for
XY4 moiecules is valid only for the totally symmetric vibration,the theoretical
intensity of the CH 4 components including the contributicn due to the
doubly degenerate vibration could not be readiiy calculated,
The intensity of the O, Raman Stokes component was calculated '

usir.g Eq. (4) (where CZ was taken to be 8" 18 and compared to that

computed from the scaitered radiation trace, The spectrograph
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measurement was found to be approximately 17% lower than that predicted
by theory, while the intensity measured utilizing narrow bandpass fiiters
was approximately 10% higher, These differences are within the
experimental error resulting from the measur ement of each attenuation
factor, as well as the estimate of the scattering volume., It also must
be remembered that the values of v and ¢ used to predict the
theoretical intensity are probably osnly accurate within 10%. Since the
relative intensities ayree with that predicted by theory, the differences
between the calculated and measured intensity are probably due to the
estimate of the scattering volume.

it should be menticned that the same type of tests were perfurmed
using Hydrogen as the scattering rnedium, Unfortunately, due to the
very low sensitivity of the phototube at this wavelength, no reliable
results could be obtained. An available phototube with an S-1 response

o

was considered, but, while its sensitivity was better at 9764 A, its

gain was less, rendering it less useful than the RCA Type C31009F

phototube,

Mixtures:

Figures (11-16) can be considered to be calibration curves and,
therefore, be used for the investigation of the feasibility of determining
individual specie concentrations in various gas mixtures, As stated
in the introduction, the determination of the concentration of an
individual specie in a gas mixture should be independent of the type and
amouat of the other ccmponents comprising the mixture. (Here it is
understood that the subsequent rescattering or absorption of the scattered

photons by the surrounding molecules is assumed to be aegligible (see
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3 discussion of limitations);. Thuas, the gcal of these measuraments is
the demonstration, under controlled experimental conditions, of the

- validity of this diagnostic capability.
4 In these tests, various gases were mixed in known proportions
and the intensity of the various components was recorded, Tests were
conducted using a spectrograph and also using rarrow bendpass filters
in order to select the wavelengths of interest,

Measurements were made in order to determine if there was any
response for a particular specie when it was not present in the mixture,

and the density of other species was high, In all tests the result was

gk b

negative, indicating that only the intensity of the specific component of

A 4T DR 3

interest was recorded. The same type cf check was performed when

firs

the narrow bandpass filtere were utilized. Here it was found that the

Pt

CO, and O, filters each transmitted a very small percentage of the

A eyt I

PS

R Bl A% T VL L

other's component., The amount was measured and used to correct
subsequent measurements, This, of course, could be entirely eliminated
with the use of filters witha much narrower bandpess.

As stated before, the filters utilized herein sufficiently attenuated

VR peg ¥y AR

the Rayleigh component, eveun when suspended dust particles were

present in the gas mixture, It must be remembered, however, that in

e TR

Mot iA

the case of a mixture, the Raman components are proportional to the

individual specie concentration, whereas the Rayleigh component is

s

proportional to the total mixture density, Therefore, it is the mixture

density (plus the presence of dust particles) which must be considered

TR

in the determination of the proper Rayleigh attenuation needed ina

particular situatioa,
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Initial tests were conducted in two component mixtures {O, and N,)
utilizing a spectrograph in order to select the desired wavelength, Here
one component was held at a constant partial pressure, while the other
was varied over a range of partial pressares, This would show the
relative accuracy of individual specie concentration measurements uader
various mixture proportions., The results of thesse tzits are shown in
Fig. (19). The results zre plotted according to the mixture considered,
where the ordinate is thie individual specie partial pressure, Therefore,
the total mixtuare pressure is obtained by selecting a mixture and adding‘
the various partial pressures indicated by the symbols on or near the
vertical line emanating from the idesired mixture number. The accuracy
of these results are seen to be within those enzountered ir the pure
specie tests. In general, it was found to be 2 good practice to repeat
a few calibration measurements each day, in order to eliminate any
error due to any subsequent change in the system characteristics.

Other measurements were made involving three component (OZ, N 22
and CO,j mixtures. These were made utilizing a spectrograph and are
presented in Fig., (20). Again, it is zeen that each component <an be
det ermined with an accuracy equivalent to the pure situation. Mixture
number 10 in Fig. {20) shows that species in a three cocmponent mixture
can ke measured with the same degree of accwracy as in the pure tests,
even in 2 mixture where the total mixture pressure is relzatively low {60
Torr}l. Mixture number 11 gives the analagous result for a high mixture
pressure case {750 Torr),

Analagous results were found when narrow bandpass filters were

utilized, and are shown in Fig. {2ll. Included herein, are measurements
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- of very small amounts of trace species in high density gas mixtures, The

JCRs

'

amount of an individual trace specie ranged fr m approximately 0.4 to

o

.

2,5% of the total mixture. (See mixture No, 1 to 8 in Fig, 21). The

error encountered increascd as the amount of trace specie was

NEIAPT = ARG Cani O

decrecased, being approximately 16-15% at partial pressures above 10

Torr, This was, of course, expected, since this was also the approximate

R AL e

error encountered in the previous tests using pure gases,

All of these measurements indicate tha., in a given situation, if

_-

for ot it R R R

the proper precautions have been taken in order to attenuate all other
wavelengths, individual specie concentration measurements (and their

range) are independent of the density of the other mixture components

91

and are governed exclusively by their own individual concentruations,

The demonstration of this diagnostic feature was the goal of this aspect

of this investigation.

) It must be remembered, however, that certain species may have
3 absorption bands which reay correspond to the Raman wavelength of

another species in the mixture, In this case the attenuation of the Raman

% intensity may be sigrificant and must be considered, The presence of

g any background radiation, which has components of the same wavelength
as the Raman radiation, must also be considered and accounted for.
These factors must be investigated in each indiIsidual application,
However, it should be pecinted out that these zre limitations common

E to all optical techniques., The effect of subsequent re-scattering of the

Raman photons is always small, due to the small cross-sections involved

and can usually be neglected,
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Temperature Measurements

A few tests were conducted in order to determine the feasibility
of determining the vibrational temperature of a particular gas by
measuring the intensity of the Raman Stokes and Anti-Stokes components
as indicated in Eq. (53). As shown in Fig., (4), the ratio of Raman
Stokes to Anti-Stokes components are on the order of 103 to 105, at
temperatures corresponding to room temperature. The vibration.l
temperature could, therefore, only be measured for 02, at 760 Torr,
since here the ratio was small enough, and the signal large enough, to
allow the measurement of the intensity Anti-5tokes component. The
results 2re included in Table HI, Measurements were made using both
a spectrograph and acrrow bandpass filters as indicated in the table,

As is noticed in Fig. (5), the sensitivity of the temperature,
to the measured intensity ratio, is small at low temperatures, and
large at high temperatures, This in some way offsets the fact that the
intensities of the various Anti-Stokes components are low at low
temperatures and, therefore, are subject to more error due to the
limited sensitivity of the available phototubes, The vibrational
temperature as measured utilizing a spectrograph {(D=tmm) averages
14% higher than the actual temperature of the gas, while the
measurements using narrow bandpass filters (D=2,5mm), average to
about the correct value, This is probably due to the fact that the
intensitv recorded using flicrs is higher, thus, these measurements are
less sensitive to Lhe tube 'noise' characteristics,

As indicated in Eq, (3}, the intensity of the scattered Raman

radiation is a fuaction of tke temperature cf the gas.At low temperatures,

35




e ey

i G E A Ak A

et

this dependence is weak, In any given situation, the simultaneous
measurement of IS and IA would provide a measurement of the

tem perature z2nd the concentration. Tius, a calibration made at a lower
temperature could be adjusted through the atilization of Eq. (3) and the
measured gas ternperature. In this case, a calibration which is made at
a low tern.:perature can be used as a convenient imeans of determining

the attenuation of the entire system,

The ratio of the intensity of the Raman Stokes tc the Rayleigh
component was also measured for each specie and compared to that
predicted by theory. For a radiation source which is polarized in the
vertical plare this ratio is of the form

I (v-W* _h  (45a’® + 7Xv'3)

e 2 Yy -] 2
I v gnouw  (450° + %Y%)

The experimentally determined values of a’ and v’ described
previously were used to predict the Raman Stokes intensity, while the
values of ¢ were determined from tre refractive indices listed in
Ref. (27). The polarizability ,a, can be related to the index of refraction

r4

of a particular gas in the following mannerlo

n-1
2%

a=

In the calculations described herein, Y was assumed to be
negligible, The measured values of IR included small contributions due
to the simultanevus measurement of the pure rotational Raman
components whose wavelengths are close to that of the Rayleigh compoenent,
The results arc included in Tzble IV where very good agreement is

noticed for all species except CG,. Since the Rayleigh intensity is
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appreciably increased when dust is present, these measurements were

made after the suspended dust particles were allowed to settle,
Measurements of the Rayleigh intensity taken immediately after filling
the chamber were often as much as an order of magnitude higher than
that measured after the dust had been allowed to settle cvernight, The
presence of such dust particles probably accounts for the discrepancy
in the results as presented for CO,.
Discussion:

It has been demonstrated that Raman scattering can be used as
a diagnostic technique in order to determine individual specie
concentrations in gas mixtures, In a given application the specie
concentration of a particular gas can be determined either using a
calibration curve of the type depicted in Figs. (11-18), or utilizing Eq,
(4 . The utilization of Eq. (4) is more tedious and less accurate, since
it requires the separate measurement of many attenuation factors and
deperds upon previously measured quantities such as o’ and v/, It
also depends uporn 2 measurement of the scattering volume, a
measurement which is very inaccurate at best. The equations should,
therefore, be looked upon as giving the appropriate functional dependence
of the scattered radiation upon *he various governing independent
parameters. Thus, any variation in the scattered intensity, due to
changes in any of the governing parameters can : -redicted utilizing
this equation.

The results which are presented here are dependent upon the
experimental arrangement and equipment utilized, A few ways in

which either the spacial resolution or density range can be improved
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can be briefly outlined, In some applications, due to the presence of
background radiation, better wavelength resolution may be required
than that utilized in these experiments., The use »f a cylindrical lens,
to image the scattering veolume on tae spectrogriph slit, can
effectively increase the amount of encrgy entering the spectrograph, (by
decreasing slit attenuation), thus allowing the use of a smaller slit
opening. This coula be accomplished with the use of a lens system
which reduces the i:nage to ubject raifo. All these factors are
subject to other considerations, including any subsequent change in the
solid auw.gle of the viewing system. An improvement in the wavelength
resolution of the narrow bandpass filters can be accomplished simply
by utilizing filters with a very narrow bandpass.

The spacial resolution can be improved by changing the incident -
beam size and/or the utilization of a smallexr observation iris, The
beam diameter at the scattering center can be changed by varying the
incident optical configuration. Thus, the spacial resoluticn and the
lower density range needed in each application must be considered and
balanced in order to determine the proper beam size, iris opening and
slit width (or bandpass if filters are used) to be used. Certainly, these
factors become more critical at the lower density range. In most
applications it would seem to be more practical to use the narrow
bandpass filters.

Also, as indicated in the discussion of the attenuation factors,
the use of higher gain wnd lower ''noise' phototubes, and higher powered
and /for higher frequency laser can also improve the range of the

technigue,
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VI, CONCLUSIONS

In view of the above, it may be stated that a technique has been

demonstrated which is capable of:

1,

uniquely identifying individual diatomic (or polyatomic) species
in a gas mixture,

measuring the concentration of a pure gas over a range of
several orders of magnitude in density.

measuring the concentration of a particular specie in a gas
mixture. This measurement is independent of the density of
the other components oi the mixture,

measuring the vibrational temperature in gases where the
number of molecules present in the first vibrational excited
state is not insignificant,

measuring densities (concentrations) at levels comparable
to the upper limit of the electron beam.

measurements not effect (as in Rayleigh scattering) by the

presence of dust particles in the gas,

. measuring specic concentrations in high velocity flow {due to

the shortness of the laser pulse duration}.
measurement of local values of a stationary or flowing gas

without the influence of disturbing probes.
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VIl APPENDICES

The following Appendices pressnt a short summary of some of
the basic theory of the Raman effect, Most of the information contained
herein is available in variocus references 7-13, and the following
presentation follows the derivations presented in these references to
some degree, Each of the above refereuces presents the information
and derivation suited and limiied to its own needs and scope of
applicability, Also, much of the information contained therein pertains
to applications and substances not of interest in gas dynamic
applications.

It is the intent of these Appendices to present the desired
quantum theory necessary for the understanding and use of the Raman
effect for gas dynamic applications, in a readily available place and in
a somewhat complete form, An attempt has been made to include only
the necessary details needed for the understanding of the Raman effect
and to include the generality nesded for various gas dynamic applications.
‘These Appendices will, hopefully, iliucidate the theoretical description
presenied in the main text and eliminate the initial necessity of excessive
referral to the references,

¥or more detailed information, the references indicated above

should be consulted, together with the other references listed in the

bibliography.
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APPENDIX I

QUANTUM THEORY OF RAMAN SCATTERING

The quantum mechanical derivation of the scattered intensity using
the perturbation theory of wave mechanics, first derived in Reference
7, will be presented herein, This presentation follows somewhat that
contained in References 7,3. and ll, and is included herein for
completeness. The more lucid portinns of cach derivation have
been followed in order to obtain, in the author's opinion, a clear
description of the pertinent aspects of the theory.

The time dependent Schrodirger wave equation can be written

in the form

H = 7 3t {Al-]

)

where ¥~ is the time dependent wave function and H® is the quantum
mechanical Hamilioniar operator which is given in chartesian

coordinates by

o -h® _ 1z 22 i P )
H=§?’Z‘;Px?? 3\?2+ az,.é-" v (ai-2)

where V is the potential erergy of the system and = indicates a
specific particle,
The solution for a molecule in the state k is of the form

Yooz
S0 r-all 7
“y €XD L E bl

where Ek is the molecular energy in the k state and -
independent wave function amplitude.
if a light wave of frequency v, {where Yo does not correspond to

an absorption frequenc ' of the molecule), and of wavelengith large in

34




comparison to the molecular dirnensions falls on a molecule, its energy

will be changed by the oscillating electric field E of the incident light.
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The amount of this energy change will be cqual to - EM, where

o

[T S ION

i M:Ze?';j iz the electric moment of the moleculs, Therefore, tc a first
J

appreximation the inferaction can be described as the inducement of 2

FRNU W XY N

dipole mement in the melecule.

The incident electric field, E, can be described by

-

E= A exp L-Zrmiv 11+ A

A% exp {l‘lvi‘-’ot} (Al-9) ;

where A is a complex vector and A¥* is its complex conjugate. Therefore,
the governing Schrodinger wave equation for the perturbed molecular :

system can be written as

¥ : -
> {Al-3})

(e 74

-h

(H-M Ej ¥=—5-
- 1.

Pt

where Y is the wave function of the perturbed system. If the molecule

e

s in the state k before the iateraction, then th~e wave functicn of the

molecule afier irradiation Tan be written in the form

O
k"i‘

.

i

P
.
i=

13
33
-

7"

{(A1-6)
Substituting this {Orm of the wave fuactio: for the gerturbed

system into equation (Al-3}, and using equation (Al-lj, one obtains

(H%- M

——

Iy

':’_:_}E_ F:4 c.'o -
V= I TMEST, (al-7)

l

tey T f by
where M E L can be neglecied as a second order term,

The general solutien of equation {Ai-7) can be written in the :ory

2 D= 3 23 3

X T op e d &3y . VLT, A =Z¥1 - 1A 1-;})
= =% _‘. = = - ‘\J _; - b4 N ‘.—.-— E: - .\J

o k Tk P TR (;E.-': Yt x T¥P h( 4 k on'

which can be verified by direct substitution,
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Substituting equations (Al-4,8) into the wave equation for the
perturbed system, and equating the coefficients of terms involvinz the

same time dependence, results in the following set of equations

g0 T = AM ¢
HY - [E 4+ hv J=AMYy,

(Al1=9)

~-[E

0‘._
H™ 4y

-hv J=A M ¢
o” =X

k 'k

Now the intermediate level ‘(hvo + E) is not a stationacy state

of the molecule, but, by the usual perturbation theory of wave mechanics

it can be described by a summation over all possible stationary energy

levels; i.e,, over all electronic, vibrational, and rotational levels.

Therefore, let

(A M) 4= (A M0, (Al-10)
) r

where Mkr f\‘p 4_1}4 de is the transition amplitude (k—rj) in the
unperturbed system, and r is some arbitrary intermediate energy level.
If one now considers the time dependent wave equation

o, _ P A3
H¢=E g, {Al-i1)

vodpas

-4
then one can obtain for ¢~ the following expressions

. AM 7

sy — —xr)"'
k* 3 E_-E, + hv_

\" P .
Yie — & H
k = §E -E_-hv_

.

(Al-12)

Therefore, the perturbed portion of the wave function can be
written as

(E, +hv )t]

@& M, )
.% g kr exp{:Zul

3 (AI-13)
(AM, ) .2m

+;f—:-;;- exp [—‘—‘(E ~hv ;t]
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Now, the induced electric moment, M’ of the peréurbed’ molecule

can be written as - -

i SR

L S g ) ’ _:3 ]
M) (M dr : (81-14) EE
R

Substituting for ¥, and negiecting the second order terms, results in

k R
;i .
A M, M M (AM, - T i
1 _{eM M, M aM, - i
M/, =MD, +-- }‘_‘* e + — = iexp [-2miv t] <
- kk  h ¢ VoV )rk + vy o T
] " " (A1-15) : .
A M M M, (& M) ) '
-}--—% § —-ﬁ'ﬁg l;r =5 zk fexp [+27iv t] £
kr o rk o ° <
The first term is time independent and reﬁpAriesaits the permanent :

dipole moment of the state k, Thé other terms are time dependent ' :
and of the same frequency as the incident radiation, These terms :
represent scattersd radiation of the'same frequency -as the incident
radiation and are termed Rayleigh scattering. '

The total intensity of radiation arising from the electric raoment

can be written as

o bamtv E ‘
= 3 B {AL-16)
where Ml’ck can be written in the form
MiG=Eg exp(-2miv t) + B, exp (2mivt) (Al-17)
and therefore,
(a M, M M, (A M
Egrt Mo+ vrk) (A1-18)
F rk ‘o rk’ Yo

Substituting equation (Al-18) into equation (Al-16), vields an equation
for the total intensity of Rayleigh scattered light for one molecule,
Now, if the mnlecule makes a transition from level k to n,

due to its interaction with the incident radiation, the resulting electric

c- L D — & e i s




moment is

et S, o i il .

- L -
Y MY dr -
] Mk f MY, d (A£1-19) s
Repeating the above procedure, one obtains
:7 o ﬁ'
- MM e 2 wknt +'-‘1_ 5 (é Mkr)M-rn + (._ qu ]e-zﬁi(vkn.*‘v)t >
z = =kn h » VeV v ERY) -
. . r rn
3 '%{ . B - (Al - 20)
i Th# V.t v v+ v Je
i rk rn
; _The first terms refer to the spontaneous emission of a quanfum
and the second terms corresponds to scattered radiation oi frequency
v +an’ ‘subject to the condition
- . N - - < R ml -2-
v + Vlsn” Voo Vin ~ 0 or En E, + th (Al-21)
W@;e:g;Ek' and E_ are the energies of the initial and final states, i
réspectively,. This type of scattering is termed Raman scattering, If
'E»h'>,Ek;, -then the frequency qf the scattered radiation is decreased,
wiiile the molecule gains the corresponding amount of internal energy.
=2 1t Ek >1-.. then the frequency of the scattered radiation is increased
s g
% and the molecule looses the corresponding amount of internal energy.
1 In -order for the latter process. to occur, the state k raust be an
1 .
§ excited state, The resulting radiation due to the former phenomenon is
1E ‘termed “Stokes radiation, while the latter is termed Anti-Stokes
r§: ~ .
% radiation.
5 The thixd terms refer to radiation for Vin~Vo >0 or En< Ek-hv. '
: Therefore, if the incident frequency Vo corresponds to visible or
§ ultraviolet radiation, the initial state of the molecule should be an -
* electronically excited state in order for the transition to occur., These .
5 :
3
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transitions have not yet i~en Jdetected and therefore, this term will not.
be considered herein,

In similar manner, the electric moment can be written in the

form
Ml;n= Ekn expl -2 (\);m +v)t]+‘_£_3znexp[-2ni(vhl-v)t;] (Al-22)
i _(AaM M M, (AM )
i .‘(- —kr'—zrn —kr= >=rn .
where By w¥) Vv L i . {A1-23)
rk o ™ o )

and therefore, the total intensity of the Raman scatteréd radiation

is of the iorm
647?"_(\)9 + vkn)é 7 . )
hen = 33 N[E,] (ad-24) -

where Ekn is given by equation (Al-23),
Thuarefnre, the intensity of scattered radijation is datermined
by the emuission or absorption frequencies and the transition amplitudes
Mkr’Mrn‘ Since the intensity depends only on the amplitude and not
its square (transition probability), different terms relating to the
intermediate state wiil cancei or strengthen each other by interfereace,
The irtermediate states, r, only contribute to the intensity if
the transition (k—rj and the transitions (r—m) are allowed in ordinary
absorption, If the intermediate level r does éot exist, the Raman

transition (k-n) is forbidden, Therefore, in terms of the quantum

- theory the difference between the Raman and absorption selection rules

lies in the fact that the former corresponds to a double transition and
the latter to a single direct transition Letween.two states,

The intensity of scattered radiation from a group of molecules,
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. in a particular direction, can be expressed as

B (V, + v )

L, (3= 2 NE_@] (A1-25)

Wwhere g is the unit vecivor in the direction of po?

the scattering is observed and r is th

system and an observer,

arization along wkich

e distarice between the scaitering

As can be seen, in order to evaluate the ¢ransition probability

Ekii‘ and, therefore, the intensity of ‘scatter.  radiation, a sum over

all the states must be performed, This is most difficult,

-ee

oolarizab

Fortunately,

under some restrictions, this can be accomplished using the concept of

Laty. This theory is described in the next appendix,

-
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APFENDIX iI
POLARIZABILITY THEORY

The evalcation of the transition probability (Egj. A1-23), gver
all states is very éomplicated. Fortunately, Pl(z'.t:zek8 devised a theory -
whe e, under certain restrictions, the evaluation over all the states
is not necessary. -An outline of this theory will be givea in this
Appex;dix. The presentation hérein 7f6110ws the material included
in Refs. 8,10,13, and 25, 7
For a wide variety of physically interesting ccnditions,
the total wave functicn of a molecualar system can be separated with
z good degree of accuracy, in the following manner:27

R
o

(A2-1

:’-e":'v.‘r
That is, the total wave funciion can be séparated into components due
to electronic, vibrational and rotationdl phenomena.

Therefore, the total energy can also be resolved into separate
components Ee,E’v and Er’ where E:Ev +Ee + Er and Ee> Ev> Er.
Utilizing this approximation, the summation over the intermediate states,
as given in Eq. (Al-23), can be more easily evaluated . Under the
assumption that the frequency of the incideat light quanium, vo,is much
lower than the lowest eléctronic transition frequency of the moiecule ve-,
{i.e., v°<<ve';, then the ground electronic state is the only electronic
state which needs to be considered, If it is also assumed that the
ground state is nondegenerate, and v°>>\’v, ve-\:o»vv, where v, is the
frequency of the molecular vibration, the sum over the ground state wave
functions can be replaced by the polarizabiiity of the molecule with fixed

nuclei, and by the effect of the nuclear motions on the polarizability.
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When a photon interacts with a molecule, the oscillating electric
field _{5_ of the incident radiation -induces a dipcle moment _1_7_ in the
molecule. That is, the relative positions of the ci:arges in the molecule
are displaced from their equilibrium positions producing a diple moment
of magnitude _

pi= 2 |E| (A2-2)
where & is the polarizability tensor which is assumed toi be independent
of E, Comparing this representation to that in the previous appendix,

we see that, for a typical componert of EIm’ the following relationship

holds

(Ex)kn= ;vf(axy)fknAy nz2-3
where Tre
(v, Y T (My)k—r(Mx)irn + (Mx)_kr‘(My) rn l
Xy xn h ¥ VoV Vept Vv \ (a2-4)

Thus, uander the previously; outlined assumptions, the: polarizability

tensor has in effect replaced the. sum over all the states., This

representation is useful since @ can be determined experimentally,

. The polarizability tensor is a symmetric tensor (i.e., o’ijmji)
and its components ‘(uxx, axy’ etc) are referred to a coordinste ‘system
X, y, z fixed -in the molecule, The tensor can be represented by an
ellipsoid with principal axes fixed in the molecule, along which both P
and E have the same direction. In general, the poiarizability ellipsoid
has the same symmetry as the charge distribution, which almost always

follows the symmetry of the nuclear frame. Thus, any axis of

symmetry of a molecule is a principal axis of the ellipsoid and any

plane of symmetry contains two axes of the ellipsoid, Wken all three

axes of the ellipsoid are eq\gzil. as in gpherical top moiecules, the

g

i

Al

O 8l b Btk

s e st

F L 2 vt v,




et b,
PRSI0 dunre

TR ST

YA LA

palarizability is isotropic. When at least two of the axés are different,
as in linear, sym-metric top, and asymmetric top molecules, the

pelarizability is anisotropic.

The polarizability wiil, of course, vary with the vibrational
and rotational motions of the moleculies, For vibrational mection of /
infinitesimal amplitudes, the polarizability can be repi-esentedr by an
expansion of terms of the 3N-6 normal c;oordinates q;¢ A typical

component is of the form
3N-6
o =6 O+ %

Xy Xy .

q. + K.O.7T. (A2=53)
i=1 -

¢

(¢
3
———
%

i
The first termn represents the polarizability of the equilibrium position
and the second term repfesents the linear change in polarizability with
the normal coordinates at the equilibrium position. These two terms
give the polarizability in accordax;ce with the harmonic oscillator
approximation, The higher terms are those due to electrical ankarmonicity.
When the rotational motions of the 'méleéul;z are considered,

the polarizability must be expressed in a space-fixed coordinate system

(X,Y,Z). ‘The components in this s¢stiem are given in terms of the

* polarizability components along the X, v. z axes fixed in the rnolecule.

A typical component of the polarizability tensor in the X, Y, Z syste:n

iz of the form

ayy= L axycos(x, X)cos{y, Y) (A 2-6)
X,y
where va is a function of the normal coordinates only, and is

vl

independent of the rotationai state and the orientation of the molecule.

The direction cosines are functions of the Eulerian angles.

Now, in order to determine the selection rules and intensities

of Raman transitions according to wave mechanics, the transition
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probabilities must be calculdted, Therefore, one must consider the

R

matrix elements of the induced dipole mcment

(_I;j]k,ff‘?kg\i’* ar (a2-7)
where ¥

% and ‘i'n are the time-dependent eigenfunctions of two states,

k and r, of a molecule. As can be readily seén in Appeadix I, the
components of the matrix [F],  with indices n=k correspond to
Rayleigh sca&ering, since they vary with the frequency Vo and the
components with indices nfk correspond tc Raman scattering with
frequency v + (E-E ) /h. (Here, of course, P has been used in place
of M in order to denote the use of the polarizability approximation).

The time independent part of the induced dipole moment.is

[Po}k:f 5P, a7 (A2-8)
where the components of P° are of the form
- v : 0
P Jyns % L2ss e B (A2-9)
where i,j=x,vy,z and
Laﬁ]kn= %50, HdT {A2-10)

Since the square of [Po]kn is proportional to the transition
probability from state k+ n, if any one of these matrix elements is
different from zero, a Raman transition k+n is allowed.

Now, y . are the time independent wave function amplitudes
which obey Schrodinger's wave eauation. In the context of the

polarizability theory, they can be rewritten as

E e CR N (az-1)

N

where U% n and ('.':rtk n 2Te the vibrational and rotatioral wave function
? by »

e P e

amplitudes, respectively, in the states k or n.
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Substituting the approprxa e z"*lauenc {Eqs. {A2-10 11)) into

i Eguation AZ-9, one cbtains for £P103k the fohowma ucpressxon

[, n:§2 j k{ r)lx 1_]("‘\? n(érv)nd)r; {A2-12)

Therefo'rc, given ":v,’:r one can solve for the transition

g S

oy

probabilities and the intensity of interms cf :iJ In order to determine v

and 'l'r, a moiecular model must be assumed znd the corresponding wave
equation solved., In the fcllowing discussion the harmonic oscﬂlatox: -
and rigid dumbbell molels will be assumed. For details on solving
for +, and * utilizing these molecular models, see Ref., 25.

Conside: first, the vibrational motions only. Substituting Eq.

(A2-5) intc eq. {A2-16), and neglecting higher order termns, results in =

REWRRC \:x)ej (2, s, 47 + z ’Ez-’" : (u‘ Gligd a2y
i fe .

in which e énd ‘.f.'n are functions of all the q;- Due to the erthogonality p
propercties of the wave functions, the first-termn is zero, unless the
vibrational states are the same {i.e.. uniess k=) a2nd t}ierefpfe, does -
nct contribute to the vibrational inteasity. The second term is equal
to zero only if the quantuma numbers correspair;:iing tc the states k
and n 4o not differ by =1 or if (é?xx/aqi)e is equal to zero,

Therefore, jor the harmonic oscillator agproximation, oaly
fundamental frequencies can occur and only those freguencies which
produce a change in polarizability, If higher order terms were kept,
then overtone and combination frequencizs coald occur, but the intensities
corresponding to these frequencies are very small in amplitude, as

compare to the intensity corresponding to the fundamental freguaency,
Y S g 3 )

Wt
(V1]

e T Tt - e o R - S M e = el
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Therefore, for vibrational Raman scattering, one has

:: ‘ [ Ac.xx e

el ) 1 + . -

- e S et e (A2-14 ,
? Substituting the eigenfunctions of Larmonic oscillator, results in .
3 :

2 o =g/ -1 -

L"xxjkn xx [ -B—n%we] (A2-15)

R where a:,df (Eaxx/qu)e. T'. I 2, the polarizability tensor, in the

x direction, is of the form

\ tpx:1 [BnZuUJ l:Exaxx Eyaxy E c‘xz] (A 2-16)

’ - If 'we now. consider the rotational motions of the molecule we

' must transform ‘to a coordinate system fixed in space. This relation

: ) is given by

Oxy™.5 gy ©O (X, Xcosly, ¥) (A2-6)

f

_Therefore, one can write the matrikx element of the: polgrizaiaili'ty

tensor for-a vibrating rotating molecular system as (See- Egs. {A2-10,1l))

(g Tm (i (837, f10,) 08t Msosty, D0 Dydr, 02027

&'

where axy is given by Eq. (A2-5), -Since at ordinary tégfx?era.tures

i
"

\ s N " + Ry P Gm i . ®, i
gersspp Rt A S R

the rotational energies are normally excited, thc transformation to the

Aoy

5 - fixed. coordinate system X,Y,Z can simply be made by averaging in the

* : cl‘ag;s:ical sense, over all orienta.tioﬁs of the molecule, This averaging

: * process rust be made of all the squares and crossproducts of the tensor

i j components over all orientations of the iensor ellipscid, This type of

£ 4

J s averaging is not necessary, since the .stitution of th- -otational wave

: function as given in Ref, 25 into equation (A2-17) will give the same

’ result, It is used herein, since it is convenieut, :
/ o ‘ It is convenient to introduce two invariants of the polarizability .
;' 56
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tensor, In the gencral case of anisotrepic polamzabzhty the tensor ~ has

two invariants defined as the spherical {or 1sotropxc) part of the polar1ab1hty,
2

~, and anisotropic part v where

@ 1/3ayy t Gyy +op) (A 2-18)

2 2 - 2
V= 1/2 [agy-tyg)® + (ayy-0g5) ey 5oty

2 2 (8.2-19)
# 2t
blagy” + oy * gy
In_accoxdance with this representation, one can define invariants
of thé polarizability derivate tensor, o', where the derivatives replace

their respective components in Eq.s (A2-18,19) (i.e., uijﬁQQij/&;i). The

invariants ¢ and v° appear in formulations related to Rayleigh scattering, -

while a’ and v'® agpear in those relations describing Raman scattering.

7'1;’he avefaigir;gf(s‘ég Ref, 13): described in Eq. (A2:6) results in
the folluwing set of relationships bétween a'»ij and the invariants &, v°

of the polarizability derivative tensor:

- ,Q(c_gi)? —=~?~(45q{2 +ay® (A2-20)
e 31 2 : ’,‘7 N . R
tag)® = 5 . . tazan

For Rayleigh scattering oné would only have to omit the derivative ) =

notation in order to ghtain t};é correct relations,

Usiri'g these relationships, the scattersd i‘dté:isjg)z, as a function of

viewing angle with respect t6 the incident radiation, can be derived for

|
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- various modes of pélarized incident radiation. Therefore, the intensity
of the scattered radiation can be written in the form
M
- I= ¢ ‘N[By (A2-22)
- ¢
. where N is the number of molecular scatterers- in the state k and ‘Pkniz
1 ; i 3 £ B ‘ .7 . .
- is a function of 8, ¢’, and v’ as defined by Eqs, (A2-16, 20,21},
;L -
L 5"
3 T T T T T T T T T s s e ST T e S S e
A o - e




:
H
i
?
}
:
N
5
H
4
3
i
H
H
i
K
H
2

v

)

b b "‘“‘ 3_":,'-5 homics v E'ilr"!“““ il M)

PPy

VRO P TR 1 1

"

e
, ‘

'

ol it
oo

Aty
R, " ““(

oy

Yyt y'"-]\, iy “’1;5194‘

Y

7
+

kL ﬁ’w i )
F aH
it

T y”““*\ "% M)

1]
i

It is seen from Eq, {A2-20,2]) that the intensity of Raman
scattering is made up of two parts; one due to isotropic scattering

{i.e., proportional to «'?) and one due to anisotropic scattering {i.e.,

 proportional to v’?), The specific relationship for 'an}e will be

derived for a number of interesting cases in the next appendix,

As stated previously, the intengity relationship for Rayleigh

~ scattering can be obtzined for the above presentation by recognizing

that if k=n, all results derived above, correspond to Rayleigh scattering
wherein a’ and Y? must be replaced by & and v 2,
The intensity as derived above (Eq.(A 2-22)), includes the

contributions from all of the rotational transitions and , thecefore,

rgprcgise’ats ‘the intensity of the entire Raman vibrational-rotational band,

" The contribution -of the rotational transitions have been derived utilizing

a.-sum, in~~th_e classical sénse, over all rotational states, The same
result -cait ‘be fobtaiize;d, utilizing the wave functions amplitudes for the

rotatiotial levels -and evaluating the appropriate transition probabilities

‘ (s;gc‘ Ref, 8,9). This ‘has not been included herein, since these results

“are quite involved due to the many variations in quantum conditions,

'Ifhé intensity of the scattered radiation due to a rotational transition

can be derived utilizing inis approacn and is of the following form

. JK '
Lot=Co (Vo ¥ Yz " ggN By, (A2-23)

T
-where C3; is a constant and the specific values for gy and b}IEK,

are given:in Ref, 8-10.
. In some applications, it may be more advantageous to observe
the Q-branch of the vibrational-rotational band{see Appendix IV for a

description of the Q-branth), In this case, the intensity of the Q-branch
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is of the form
ot -6—347‘:3-"- (v, + Ve )* N]Pkn 2 o (A2-24) -
where !Pkn ld is now a function -of X as well; where x——iis the (f}:ja!ction *
of the anisotropic intensity in the Q-branch and is given by
X=;é?TEJ.gJ (234 Y expl=2gmBe }gégfz!))(zJ+ B (A2-25)
where ZJ is the rotational -partition function, For low values of
hBc/kT, X is equal to .25 for 0,,N,, D,, and is equal to 0,32 for I-I2
(at rooﬁi temperature)-, H ) : - :
The relationship for I'Pknia, as derived in Appenai;c Iv, i-rg' ;
for the entire band and include the factor X in the apprﬁpria_te terms i
in order to allow the determinaiion of the intensity of the Q-branch.
Since most iﬁvesiigations involving the determination of the pbla;rizabiligy
invariants observe ‘the Q-branch on!;r, aa understanding of ¥ is ;
necessary in order to obtain the proper intefpreté.tit{n of their 7=resuits i i
with respect to the measurement made herein, -
59
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Consider an experimental configuration, wherein the incident
radiation is directed along the Z axis, as defined in the coordinate

system depicted below:

s

R 3

D i DT
; .

i

i P

)

WEATRLT & 0 DO (R
. "

Z

and the observation of the scattered radiation is made at scme

RN
[t 7048 PR e

R . 'arbitré.ry A_angie, 8, to the Z axis in the XZ plane, Also, consider

“ the following modes of polarization of the incident radiation,

o,
[

z= 0

x° Ez=0

M) Ey =E\= lglz E,=0

1) Ey= |Eli Ey= E
Ty Eg=|El; E

'
a s e

X 7Y

. -
Ay AR e g Wb et s n e s %

: : The genéravl relationship for a component of the transition

pps et aichmspiipbiac st

amplitude directed along a coordinate axes, for a randomly orieated

.

molecular scattering system, is oi the form (See Appendix -II)'

Ty g
R

s R ) 2 _ h -—'—3 2 o -
: : (Pl = s?pweg'? (og5)" By (A3 -1

. . where i,‘j:X‘,Y,Z and

L Y

i

- - 2., 12
(o) = ;413 (45072 + 4v’2y); (ai’j)§= %-53 (A3-2)

: I-fére X= 1 for the entire vibrational-rotational barnd and is given by

st peson 4 ns ity ¥y

[P S TR T |
B

Eq. A2-25 for the Q-branch, T
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¥'or an arbitrary viewing argle, £, with respect to the incident

radiation, the transition amplitude can be written in terms of these
components, in the following manner:
e 2= 2 _2n a2 2_s.2 .3
'P—B] [Px] cos® ¢ + [PY:! + [PZ] sin“ 6 (A3-3)

Utilizing these relationships, the transition ampli‘ude, for the

different modes of polarization of the incident radiation, can be

written as
Case I Horizontally polarized radiation
[P JP=K[452"% + 7v"2¥)cos®8 + 6v/3xsin®6] (A3-4) -

Case II Vertically polarized radiation

[PP= K452 + 7v72x] ‘ (A3-5)
Case III Unpolarized radiation
ip 6]2 =K[(45¢/2+7y/2¥)(1+ cos2 @ +6v 2 Xsin® 8] (A3-0)
z
where K= 6—-’%—43 - 8mBere”l,
Tk e 45w,

In a similar manner, one can derive thevariation of the
depolarization ratio, p, with observation angle § for the different
modes of polarization considered ., The depolarization ratio, p, is

defined as:

p= 1/ I" (A3-7)
where I, and I, are, respectively, the intensities of the components
of scattered light with electric vectors vibrating in the directions perpendicular
and parallel to that of the incident light,

I Horizontally Polarized Radiation

- (452°% + 4v’®y)cos® e + 3v'3sin® § (A3-8)
342y

p

II Vertically Polarized Radiation

3.:,12X
P= BF T avix (A3-9
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APPENDIX IV

DETERMINATION/OF THE RAMAN. FREQUENCY SHIFTS

Since the Raman shift occurs due to an energy exchange
between the incident photon and the irradiated molecule, a determination
of the various stationary energv states of the molecule can be used

to determine the corresponding Raman shift. As stated ‘in the text,

- most observed Raman shifts result from vibrational-rotational

transitions and therefore, only these transitions will be considered
here.

In order to predict Athe energy levels accurately a’ﬁd to
adequately determine the fine structuze, the molecular models utilized
to determine the Raman: frequency shifts should consider the interaction
ofﬁthe rotational and vibrational mections. That is, during vibration the
internuclear diéféﬁcg changes and- thereior» the moment of inertia
changes, Zaff;acting the rotation. Also, during rotation the centrifugal
forces effecf the vibrational motion. Therefore, in order to calculate
the energy levels of a given molecule,the vibrating rotator model for a
diatomic molecule will be used. This refinement is not absolutely
neceésary in most inQestigati'ons which observe the entire vibrational-
rotational band but, is included here¢in in order to be more éeneral. It
is most useful in determining the wavelength and spacing of the individual

lines in the vibrational-rotational band as well as the total bard width.

This becomes necessary when one is interested in resolving individual

lines comprising the band,
‘ 232
The term values of a vibrating rotator are
E
Toqe= Wo(vt B-wx v+ 37+ wy (vih® + ...,
+ByJ(I+)-D_FP(I+1° + .., (Aa-1)
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where Bvis the mean rotational constant in the vibrational state
considered and is related to Be’ the equilibrium rotational constant,
in the following manner: i
4 ) ol Z
By=B -a (viz)t... - {A4-2) L
2 where
=h /i 2 2
] B =h/8n°cur ®) and B_>>a_
E In a similar manner, Dv represents the influence of the ;
» centrifugal force in the vibratiocnal state v and is given by !
Dv—De-!- Qe(‘f'*‘%) + L) x‘ _ (A4‘ 3) i
? where 2 . '
; De= ‘”g, and De >>8e ,
f The change is wave number, due to a vibrational and rotational i
+ _energy change, can be written in terms of the difference in the term
- valves of the vibrating rotator in the following manner: ;
3 /T (E'-E)=Vv- - : -
, “he (B -E)= - (A4-9) :
: ) - .- :
where the prime represents the upper energy state considered. The :
: ‘various- molecular constants described above are listed in Table V
-for sorne molecules of interest. - é

The vibrational selection rule for Raman .scattering is (see

Appendix II and Ref. 23),

'Y . - e, "
ORI S e A T R LR R R R

Av=l (A4-5a).

while the rotational selection rule is

S

p——
P 7 T

AT=0, £2 (A4-5b)

.Depending upon the rotational quantum jump considered, various

difféerent bands can be obtained for a given vibrational' change., These

A . K3
PRPLE PRI ) o e AT

bands are called the S,0, and Q branches, which ccrrespond to AJ= +2,

[P
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-2,0, respectively,
For the v= 0-v=1, vibrational transition (the one considered

herein), the difference between Bv:

-0 and Bv:l is very small; therefore,

all the lines of the Q-branch are very close to each other and except with

a high resolving spectrograph, are usually not resolved. This gives rise
to an intense line near the vibrational line. The § and O branches are much
weaker since their lines are not superimposed,

In most investigationsl?"l? of the Raman effect, the Q-branch is

observed. A schematic representition of these branches as they would be

observed on-an exposed spectroscopic plate is-shown below,

O-tB ranch S Branch

£J=-2 AJ=+2
M
@ Fgzpeh

N S,

RAMAN VIBRATIONAL-ROTATIONAL BAND

The frequency of the Raman con;xponents can-also be evaluated
utilizing experimenta‘lly determined values of the Raman shift. These
reported values usually are for the Q-branch, and/ therefore, in order to
obtain tha width and spacing o the vibrational-rotational bands, the type of

calculation described ahove is useful. The Raman frequencies for COZ and

CH, were determined in this manner from the data in Ref, 15, For applications

of the Raman effect as demonstrated hereéin, this manner of determining
Raman wavelengths is a quick and accurate enough technique to use.
The Raman frequency shifts, as calculated and utilized herein, for

some molecules of interest are listed in Table {IlI). These are for
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i the Q-branch, where the rotational transition J=0-J=0 is considered, The

Raman wavelengths can now be calculated using the equations for the

index of refraction of air (n) as given in Appendix V.
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APPENDIX V
INDEX OF REFRACTION OF AIR

In order to compute the wavelenéih of the various Raman lines
as observed in air, a knowledge of the variation of the index of
refraction of air, as a function of wavelength. temperature, and
pressure raust be known. The variation of the index of refraction
with wavelength is given, for standard air (dry, 0.03 percent CQZ);

by24

e gas 2949810 , 25340 -
(ny5, 760-D10° = 6432.8 + GEE + 5, (a5}

where O= \10) %= wave number in vacuum in E7>
The -variation of n with temperature and pressure is given by24

- (s 760-UP U+ P+ 157)

"TP 1T T 760 (17608501 * 7T (a5-2)

wheres App is the iadex of refraction of air at the desired temperature

and pressure
n15’760 is 'éivep b}r Equation A5-1

P is thé pressure (Torr)
= (1.049-0.0157T)30"°
T is the temperature in OC/

_ R
B5= 0.8135(10)

n= 0.0()3661
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RAMAN- SHIFT

{em™")

1856.2

- 2330.7

s
265"

12e5""®
140941%*

29144

4159.24

21433

FOR_UNPOLARIZED INCIDENT RA
“OBSERVATION

TABLE I

P YOSLEN

0.15%%
03315
e

Cc.2¢6

0.055"%%

0.igo!™
0.190"®

15)
0. 250‘ Q

0.084(3g [, , 5!
0.054"%g 0.2 &)
0.150"g ]

O .O('s,-

6;0‘“"

0.0732 £ 0.00852"™
0.i40 118
0.07 {19

01040
0.310 U3}
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RAMAN SHIFTS AND POLARIZABILITY INVARIANTS

a'i0)® em?

1O P

4.02

1.4 (18)

0.44 17sts)
171

:.so‘“’

268
0:699 (i) (16)

0.432 1.255 4.2
1.364

416"
4.10118!

0.0

1.3020. 104"

1.23(18}

150'"3)

DIATION AND TRANSVERSE (90°)

NUMBER IN { ) INDICATES REF FROM WHICH DATA WAS OBTAINED
< @ INDICATES Q BRANCH
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THE ACTUAL ENERGY LEVEL TRANSITIONS WHILE
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